INTRODUCTION
Tritium in natural environment is being used widely as a powerful tracer in hydrology as well as hydrogen and oxygen stable isotopes. The tritium concentration in surface waters was in creased greatly in the 1960s, because the at mospheric tests of thermonuclear device scat tered artificial tritium into the atmosphere. In Japan, the maximum tritium concentration in precipitation, 1680 TU, was observed in March, 1963 (International Atomic Energy Agency, 1969 Thus, for more than 20 years the tritium concentration in natural waters was able to be measured without any tritium enrichment using a liquid scintillation counter, especially a low background type (Iwakura et al., 1979) . Recent ly the tritium concentration in precipitation and river water has decreased gradually to lower than 20 TU (Satake, 1986 : Nakagawa et al., 1989 . To measure the low tritium concentration precisely, the tritium enrichment procedure prior to the measurement is essential. Electrolysis of water is a widely accepted method for tritium enrich ment. In our laboratory, water samples have been electrolyzed with Fe-Ni or Ni-Ni electrodes prior to the measurement of tritium concentra tion for hydrological research. In this paper discussion will be made on the electrolytic separa tion factors of tritium, (T/H)water / (T/H)hydrogen, for Fe-Ni and Ni-Ni electrodes and the relation between the tritium enrichment factor, Tf / T,, and the final volume of water, and a convenient method will be presented for estimating the *Present address: Kurashiki Museum of Natural History , Kurashiki 710, Japan tritium enrichment factor using the Fe-Ni elec trodes.
EXPERIMENTAL
The electrolytic cell used is shown in Fig. 1 . Each electrode has a surface area of 84.5 cm2. The anode was made of pure nickel and the cathode was made of mild steel (JIS SS41) or pure nickel. A steel wire, which was used as a lead, was attached to the steel cathode. Similarly a nickel wire was welded to the nickel cathode or anode. The lead was covered with a Teflon tube to prevent any short-circuiting. The distance be tween the anode and cathode was kept at 5 mm using Teflon spacers. Electrodes were washed prior to electrolysis for every run with Mar shall's Bright Dip (Ni-Ni electrodes) or 10 mol / 1 HCl (Fe-Ni electrodes).
Electrolyte (298.00 g), which was made of distilled water (296.51 g) and sodium peroxide (1.49 g), was poured into the cell. The weight of the whole cell containing the electrodes and elec trolyte was measured with an accuracy of ± 10 mg. In order to minimize the evaporation loss during the electrolysis, ten cells were immersed in a water bath cooled to 2±2°C and then were connected in series. The current was controlled using an automatic control system. It was kept constant (8.4 A) while the electrodes werẽ submerged in the electrolyte and then was reduc ed to keep a constant current density of 100 mA / cm2 during the electrolysis. The electrolysis was terminated when the water was reduced to about 10 g. After electrolysis the whole cell was weighted again. The final volume of water was obtained from the following equation,
where Vi and Vf are the initial and final volume of water, Ci and Cf are the weight of the whole cell before and after the electrolysis, respective ly. The initial volume of water is 296.51 g. The electrolyte was then transferred into a flask and was distilled completely after neutralization with carbon dioxide. To obtain the deuterium enrich ment factor, Df /Di, and separation factor, (D/H)Water/(D/H)hydrogen, the water before and after the electrolysis was converted to hydrogen gas by passing it over hot uranium (Bigeleisen et al., 1954) and its deuterium concentration was measured with a mass spectrometer, Micro Mass 602E. We can derive the following well known equa tion when deuterium and tritium in water are enriched by electrolysis (e.g., Kakiuchi et al., 1991) ,
where Di and Df are the initial and final deuterium concentration, Ti and Tf are the initial and final tritium concentration, a and /3 are the deuterium separation factor, (D/H)water / (D/H)hydrogen, and the tritium separation factor, (T/H)water / (T/H)hydrogen, respectively. It was shown empirically that log/3/log a=n
is constant (Ostlund and Werner, 1962) . Later Kitaoka (1981) demonstrated based on ther modynamic calculation that log /3/log a is almost constant (r1=1.39-1.40) in the tempera ture range from 0 to 10°C even though evapora tion loss during the electrolysis was considered. When rl for the Ni-Ni and Fe-Ni electrodes are known, tritium separation factor (/3) and enrich ment factor (Tf / T1) can be calculated from the observed deuterium enrichment factor using the above two equations. To measure i for the Fe-Ni electrodes, tritium spiked water was electrolyzed. A tritium standard water (NBS 4926C) was diluted with tritium free water (ground water collected at Sofue, Nagoya), for which tritium concentration was measured to be -0.2±0.9 TU. The tritium concentration of the diluted water was calculated to be 151 TU. After the electrolysis of this diluted water, its tritium concentration was measured using a low-background liquid scin tillation counter, Aloka LB-1. Table 1 summarizes experimentally obtained log f3/log a ratio for the Fe-Ni electrodes. The ratio ranges from 1.35 to 1.56 with an average of 1.44±0.06. Takahashi et al. (1968) determined log,6 / log a ratio of 1.43 ± 0.08 for Ni-Ni elec trodes with a design similar to that used in this work. Thus we take ri =1.4 for both the Fe-Ni and Ni-Ni electrodes to calculate the tritium separation factor (/1) and enrichment factor (Tf / T1) from the measured deuterium enrich ment factor (Df /D1). (Takahashi et al., 1962; Kitaoka, 1981; Inoue and Tanaka-Miyamoto, 1987) . In our experiment, however, fifty out of 120 samples have tritium separation factors higher than 15. Kitaoka (1981) showed that the tritium separation factor decreases with increasing elec trolyte temperature due to an increase of evaporation loss. He also showed that the tritium separation factor increases with increase of current density from 50 to 90 mA/cm2 with a constant electrolyte temperature. Inoue and Tanaka-Miyamoto (1987) conducted the elec trolysis using Ni-Ni electrodes and glass cell with a design almost the same as that used in this study, under the condition of 1 °C (cooling tem perature) and 70 mA/cm2 (current density). They obtained the tritium separation factor of 7.6-10.6. Their cooling temperature, 11C, is similar to our experimental condition, 2°C. Their current density (70 mA / cm'), however, is distinctly lower than that of ours (100 mA/cm2). The high tritium separation factors observed in this study may be due to the current density higher than that adopted in the previous studies (lower than 70 mA/cm2). Figure 2 -B shows a histogram of tritium separation factors obtained from ten electrolysis runs of natural samples with the Fe-Ni elec trodes. The tritium separation factors range from 12.7 to 39.9 with a bimodal distribution. However, the ten data in the range of 12.7 to 15.5 were obtained in one electrolysis run when water bath temperature was over 20°C in the lat ter half of the electrolysis due to a cooling unit trouble. These low tritium separation factors were probably caused by an increase of evapora tion loss due to the rise of electrolyte tempera ture (Kitaoka, 1981) . By excluding these low values, the tritium separation factors for the Fe Ni electrodes range from 20.6 to 39.9 and show a sharp normal distribution pattern. Thus the tritium separation factor for the Fe-Ni elec trodes (/lav = 25.9 ± 3.4, n=87, excluding low values) is systematically higher and concentrates in a range narrower than that of the Ni-Ni elec trodes (fav= 14.4±4.4, n=120). The average tritium separation factor of about 26 obtained for the Fe-Ni electrodes in this work is almost identical to that obtained by previous resear chers such as Florkowski (1981) (/3=21) and lnoue and Tanaka-Miyamoto (1987) (/3=25.5). In recent works chemically pure iron was used as cathode material (e.g., Hartley, 1971) . Pure iron such as soft iron (JIS C2504) used by Inoue and Tanaka-Miyamoto (1987) , however, is not easily available for laboratory use. Whereas, mild steel (JIS SS41) used in this study is a common kind of steel and readily available. It is important that the chemically impure mild steel also gives a high tritium separation factor as well as pure iron. Figure 3 shows the relationship between the final volume of water (Vf) and tritium enrich ment factor (Tf / T;) for the Ni-Ni and the Fe-Ni electrodes. Tritium was enriched by 12 to 25 times after the amount of water was reduced to 9-16 g with the Ni-Ni electrodes. In the case of Ni-Ni electrodes the tritium enrichment factor varies in a wide range, depending on the tritium separation factor at a given final volume. When the final volume is 10 g, the tritium enrichment factor varies by about 5-6. This gives about a 20-40% uncertainty to the tritium enrichment factor estimated only from the final volume. When -water is electrolyzed with Ni-Ni elec trodes, therefore, determination of deuterium enrichment factor is indispensable for the precise measurement of tritium concentration.
RESULTS AND DISCUSSION
The tritium enrichment factor with the Fe-Ni electrodes shows a wide variation of 13 to 62 with the final volume of 5 to 18 g. In contrast with the Ni-Ni electrodes, the tritium enrich ment factors at a given final volume concentrate in a very narrow range regardless of the wide range of the tritium separation factors. Thus the tritium enrichment factor obtained with the Fe Ni electrodes varies with only the final volume. Inoue and Tanaka-Miyamoto (1987) presented that when the tritium separation factor is large (larger than 20), the variation of tritium separa tion factor has little effect to the tritium enrich ment factor. Further they showed that the rela tive variation of the tritium enrichment factor of the Fe-Ni electrodes is proportional to that of the volume reduction factor (V / Vf). The difference in behavior of tritium enrichment fac tor between the Fe-Ni and Ni-Ni electrodes shown in Fig. 3 can be explained by the follow ing discussion. From eq. (2) the following equa tion is derived, Tf / Ti = (V; / Vf)(" intl.
In this study, V; is the constant (296.51 g). In the electrolysis with the Ni-Ni electrodes, (/3-1)//3 ranges from 0.85 to 0.96 with a variation of tritium separation factor from 6.6 to 24.7. At a given final volume of 10g, the tritium enrich ment factor varies from 17.7 to 25.8 depending on the (/3 -1) //3 ratio. On the contrary, when /3 is as high as 20.6-39.9 for the Fe-Ni electrodes, (/3-1)//3 ranges from 0.95 to 0.97 and can be re garded to be almost constant. Thus the tritium enrichment factor changes mainly with the varia tion in the final volume.
As described above, the tritium enrichment factor obtained with the Fe-Ni electrodes shows a good correlation to the final volume. This sug gests that a reliable tritium enrichment factor is obtained directly from the final volume without measuring the deuterium enrichment factor. Re cent tritium concentration of natural waters in Japan is mostly lower than 20 TU (Satake, 1986; Nakagawa et al., 1989) . Suppose that 296.51 g water having 20 TU was electrolyzed with the Fe-Ni electrodes to the final volume of 10 g. In this case, tritium enrichment factor is inferred to be 25.7±0.9 (24.8-26.6) with 95% confidence from eq. (4) by taking the average tritium separa tion factor (25.9) and its standard deviation (± 3.4). Thus the tritium enrichment factor can be determined with an accuracy of ± 3.5% from the final volume. The uncertainty of the tritium enrichment factor, ±0.9, gives an error of ±0.7 TU to the tritium concentration, assuming that the tritium concentration of the water is 20 TU and increased 25-26 times by the electrolysis. In our laboratory, samples are counted for their tritium activities for 500 min using a low background type liquid scintillation counter after 20-25 times enrichment of tritium. This procedure is associated with a counting error larger than 0.9 TU (±2Q) (see Table 2 ). Florkowski (1981) also concluded that the coun ting error about ±1.4 TU (±2u) is inevitable when the tritium concentration is measured by a conventional liquid scintillation counting method after 15-18 times enrichment by elec trolysis. Therefore, the error associated with the estimation of the tritium enrichment factor from the final volume is comparable to the conven tional counting method.
After excluding the low values due to a high bath-temperature, the relationship between the tritium enrichment factor (Tf / T;) and the final volume (Vf) for the Fe-Ni electrodes is given by the least squares fitting method as follows; Tf/T;=6.169x 10-5Vf-4.554 x 10-3Vf +0.1380V4 f-2.211 V3 f +20.03V2 f-101.3Vf+261.0.
(n=87, r2=0.998) Table 2 ) is much smaller than the counting error for each sample. Therefore, it is concluded that the estimation of the tritium enrichment factor from the final volume is accurate enough for determining the tritium concentration. The tritium enrichment factor is usually esti mated by measuring the deuterium enrichment factor of each sample or the tritium enrichment factor of a tritiated reference water electrolyzed together with sample. The deuterium measure ment of each sample before and after the elec trolysis, however, is a very time-consuming pro cedure. The simultaneous electrolysis of a tritiated water with sample may cause contamina tion to the sample. Recently Kakiuchi et al. (1991) proposed a method to determine the tritium enrichment factor from the k value (k=a(/t-1)ll(a 1)) of the electrodes measured beforehand and the deuterium enrich ment factor of each sample water without measuring of the final volume. However, as de scribed previously, the initial water and the whole cell before and after the electrolysis can be easily weighted with an accuracy of ± 10 mg us ing a top loading balance. The weight of the final volume can be calculated with an accuracy better than ±20 mg, which leads to an error lower than ` ±0.1 (0.4%) to the tritium enrichment factor when the final volume is 10 g. Thus a reliable tritium enrichment factor can be obtained by sim ply measuring the final volume with the accuracy of ± 3.5% when the electrolysis is conducted with the Fe-Ni electrodes.
CONCLUSIONS
(1) The tritium separation factor for the Fe Ni electrodes (, av = 25.9 ± 3.4) is systematically higher within a range narrower than that of the Ni-Ni electrodes (/3av=14.4±4.4).
(2) Mild steel gives a high tritium separation factor as well as pure iron. This is practically im portant because mild steel is a common kind of steel and easily available for laboratory use.
(3) The tritium enrichment factor can be de termined directly from the final volume with an accuracy of ±3.5% (±2a) when tritium is enriched 20-25 times with the Fe-Ni electrodes. When recent natural water with a tritium concen tration lower than 20 TU is measured, the error of tritium concentration induced from this method is smaller than the counting error in a conventional liquid scintillation counting method.
